Superhydrophobic Cerium-Based Coatings on Al-Mg Alloys and Aluminized Steel by Guerrero-Vaca, G. et al.
coatings
Article
Superhydrophobic Cerium-Based Coatings on Al-Mg
Alloys and Aluminized Steel
Guillermo Guerrero-Vaca 1 , Miguel A. Rodríguez-Valverde 2 , Pedro Castilla-Montilla 1,
Francisco Alguacil-Salamanca 1, Óscar Rodríguez-Alabanda 1,* , Pablo E. Romero 1 ,
Esther Molero-Romero 1 and F. Javier Montes Ruiz-Cabello 2
1 Department of Mechanical Engineering, University of Cordoba, Medina Azahara Avenue, 514071 Cordoba,
Spain; guillermo.guerrero@uco.es (G.G.-V.); pecasmon@hotmail.com (P.C.-M.); fjalguacil@live.com (F.A.-S.);
p62rocap@uco.es (P.E.R.); esther.molero@uco.es (E.M.-R.)
2 Laboratoy of Surface and Interface Physics (LSIP), Applied Physics Department, Faculty of Sciences,
University of Granada, Campus de Fuentenueva s/n, ES 18071 Granada, Spain; marodri@ugr.es (M.A.R.-V.);
fjmontes@ugr.es (F.J.M.R.-C.)
* Correspondence: osrodala@uco.es; Tel.: +34-957-212-235
Received: 11 October 2019; Accepted: 17 November 2019; Published: 20 November 2019 
Abstract: Aluminum-magnesium (Al-Mg) alloy and aluminum-coated steel (aluminized steel) are
typically used for the manufacturing of baking trays and molds. For these applications, these materials
must be modified to develop release and hydrophobic properties. With this aim, the bare substrates
are typically coated with low-surface energy materials such as fluoropolymers, elastomers, or sol-gel
layers. In this work, some alternative strategies to prepare these functional surfaces are presented.
We used three-step processes involving (i) micro-texturing, (ii) nano layer deposition through
immersion and electrodeposition, and (iii) hydrophobization. The raw substrates were sanded or
sandblasted at the micro scale, accordingly. Texturization at the nano scale was achieved with a cerium
layer formed by electrodeposition or solution immersion. The cerium layers were hydrophobized
with fatty acids. The wetting properties of the samples were studied with tilting-plate and bouncing
drop methods. We measured the surface roughness of the samples by contact profiling and analyzed
their surface morphology using a field emission scanning electron microscope (FESEM). The elemental
chemical composition of the samples was analyzed by energy-dispersive X-ray spectroscopy (EDX).
The wettability results indicated that the best performance for the Al-Mg substrates was reached
by sandblasting and later immersion in a cerium nitrate solution. For aluminized steel substrates,
the best results were obtained with both electrodeposition and immersion methods using a cerium
chloride solution.
Keywords: aluminized steel; aluminium-magnesium alloy; superhydrophobic surfaces; sandblasting;
cerium coating; electrodeposition; immersion
1. Introduction
Current interest in hydrophobic and low-adhesion surfaces has grown and numeorus preparation
methods have been developed. Many substrates of industrial interest are modified to reduce their
adhesion with liquids/solids. Release/demolding coatings are typically prepared for food, doughs,
liquids, gels, and foams. Aluminium-magnesium (Al-Mg) alloy and aluminized steel (AS) substrates
are used in industry to produce trays, utensils, and molds for baking ovens [1]. However, these metallic
materials are sticky and hydrophilic. The incorporation of coatings to decrease their intrinsic high
wettability and adhesion is mandatory. So far, the most extended engineering solutions are the use
of polymer-based or ceramic coatings [2–4]. Although the efficiency of the current solutions is fine
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enough, it is challenging to obtain surfaces with enhanced non-stick properties. The current coatings
used in industry are resistant, but their low-adhesion properties are not optimal yet.
Tailoring the wetting properties of solid surfaces is desirable in many fields. The limit for
the lowest adhesion properties is found with so-called liquid-repellent surfaces [5]. These surfaces
may incorporate further applications such as anti-icing [6], self-cleaning [7], anti-corrosion [8],
drug reduction [9], anti-fouling and anti-biofouling [10], microfluidic device construction [11],
anti-reflective [12], and antibacterial effects [13]. In the literature, one may find a wide variety of methods
to obtain superhydrophobic surfaces, including silanization by liquid or chemical vapor deposition
(CVD) [14], sol-gel coatings [15], chemical immersion [16], production of roughness on inherent
hydrophobic polymer layers [17], nanoparticle coatings [18], micro-machining [19], layer-by-layer
deposition [20], electrodeposition [21], lithography [22], chemical etching [23], and silicone coatings [24].
Superhydrophobicity is qualitatively explained through the Cassie-Baxter equation, i.e.,
cosθEq = f rw cosθi−(1− f ) (1)
where θEq is the drop contact agle, f is the ratio between the wet area and the projected (apparent)
contact area, rw is the roughness factor of that wet area, and θi is the intrinsic contact angle of the
material. From Equation (1), the most relevant parameter is f, because the lower the real contact between
the drop and the solid surface, the higher the contact angle and the drop mobility. Many different
studies report that the minimization of f is reached for intrinsically hydrophobic surfaces with a
hierarchical structured surface. A distribution of micro- and nano-scale surface features is responsible
for the highest water repellency. Most of the experimental strategies used in the literature to produce
superhydrophobic surfaces are based on the minimization of the f factor through scanning the role of
certain parameters or settings used during the fabrication process.
However, the experimental acquisition of the f parameter in Equation (1) is not reported in
most cases because it would require a microscopic observation of the entire contact area by using
sophisticated techniques and the estimation of the equilibrium and intrinsic contact angles (hardly
measurable quantities). It is well accepted that the minimization of the f parameter is assumed to be
reached indirectly when the highest drop contact angle and the lowest sliding angle are observed.
The preparation of superhydrophobic surfaces on metal substrates is particularly useful from
an industrial point of view. A frequent strategy for producing durable superhydrophobic metallic
materials is the creation of a micro-/nano-scale surface structure followed by hydrophobization. Due to
their physical robustness and chemical inertia, the deposition of ceria coatings [25,26] on metal surfaces
is a promising route. Cerium is the most abundant lanthanide. It is a good heat and electricity
conductor and is widely used in polishing materials, automobile exhaust catalysts, gas sensors,
and electrolytic materials. Moreover, cerium can be used for agricultural and food contact applications,
with precautions [27].
In this work, we propose top-down and bottom-up strategies to produce superhydrophobic
cerium-based coatings on Al-Mg alloy and AS substrates. Similar strategies have been used
earlier for different substrates [8,28,29]. Unlike other works reported for the same materials and
similar purposes, the protocols described here do not require etching with strong acids for the
texturization [23]. Our procedure aimed to create mechanically a specific micro-texture, to introduce
durable nano-asperities with cerium layers deposited on the rough substrate, and to hydrophobize
the uppermost layer. The substrates were polished with abrasive papers or sandblasted, accordingly.
The second step was cerium deposition conducted by electrodeposition or immersion (surface growth by
“soft” self-assembly), using cerium chloride or cerium nitrate, respectively. The hydrophobization was
conducted during the electrodeposition (myristic acid) or after immersion (stearic acid). We identified
water-repellent Al-Mg alloys and AS substrates and found the least aggressive and most efficient
texturing process.
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2. Materials and Methods
2.1. Surface Preparation
Several sheets of Al-Mg alloy (EN AW 5754 H32) and AS (DX51D AS120 B) were supplied by
CAMEBE (Carpinteria Metalica Bengolea, Castro Urdiales, Spain). The thickness of the Al-Mg sheets,
as provided by the manufacturer, was 1.2 mm, and the thickness was 1 mm for the AS sheets. The sheets
were cut to prepare 48 samples (17 mm × 38 mm) of each material.
The elemental chemical composition of the as-received substrates was analyzed by
energy-dispersive X-ray microanalysis (EDX) with a JEOL JSM 6300 SEM (Jeol USA, Peabody, MA,
USA). The results for the chemical composition of each material are shown in Table 1.
Table 1. Elemental chemical composition (% in weight) of the Al-Mg alloy and aluminized steel (AS)
samples used in this study.
Material Mg Si Fe Mn Cu Zn Cr Ti Al
Al-Mg alloy 2.5 0.46 0.56 0.27 - - - - Rest
AS 0.01 8.3 0.45 0.1 0.05 - - - Rest
2.1.1. Cathodic Electrodeposition of Cerium-Based Coatings
We selected 24 samples of the Al-Mg alloy and 24 samples of AS for the electrodeposition.
All the surfaces were polished manually with #2500 sandpaper to increase their micro-roughness
and to remove impurities or organic traces. This texturing process, as explained below, was enough
to produce superhydrophobic surfaces on the Al-Mg samples. However, it was unable to induce
superhydrophobicity on the AS samples. For this reason, a subsequent sandblasting was carried out on
the AS samples. We used a Sand Blast Cabinet CAT-990 (Aslak S.L, San Quirze del Valles, Barcelona,
Spain) for this purpose. We explored different pressures (0.2, 0.3, 0.4, and 0.5 MPa) and two blasting
times (5 and 10 s). We used the brown corundum RBT9 Gr.60 (MPA, Cornellá, Barcelona, Spain).
Higher pressures or longer blasting times were avoided to minimize damage of the AS samples [1].
The textured samples were carefully cleaned by sonication in acetone for 5 min and, afterwards,
in ethanol for 5 min.
The clean textured samples were dried at room temperature and then nano-textured and
hydrophobized simultaneously by the electrodeposition method. All the treatments were performed
at room temperature. We used a piece of platinum as the anode and the Al-Mg or AS samples
as the cathode, accordingly. These samples were fixed inside a flask with a separation distance of
25 mm. The flask was then filled with an electrolyte solution under constant agitation by means of
a magnetic stirrer. The electrolyte solution was a mixture of 100 mL ethanol, 100 mL cerium (III)
chloride hepta-hydrate (CeCl3-7H2O) 0.10 mol·L−1 and 100 mL myristic acid (CH3(CH2)12COOH)
0.30 mol.L−1 [25]. All the reagents were supplied by Sigma-Aldrich. Both the cathode and the anode
were connected to a DC power supplier (Figure 1) at different voltages of 10, 20, 30, and 40 V for intervals
of 20 min/30 min for the Al-Mg alloys and 10 min/20 min for the AS samples. Under these conditions,
the current density passing through the samples varied from 0.01 to 0.03 mA/cm2. Finally, the samples
were rinsed out with deionized water and then dried under a flow of hot air.
Coatings 2019, 9, 774 4 of 13
Coatings 2019, 9, x FOR PEER REVIEW 4 of 13 
 
 
Figure 1. Diagram for the electrodeposition of cerium-based coatings on Al-Mg and AS samples. 
2.1.2. Deposition of Cerium-Based Coatings by Immersion 
We used 12 samples of each substrate for deposition by immersion. Unlike the electrodeposition, 
a previous sandblasting of the Al-Mg alloy samples was required. This way, a combination of manual 
polishing (with #2500 sandpaper) and subsequent sandblasting was used for the samples. The 
polished samples were sandblasted with a pressure range of 0.2, 0.4, and 0.6 MPa for 10 and 15 s for 
the Al-Mg alloys. For the AS samples, we used a pressure range of 0.2, 0.3, 0.4, and 0.5 MPa for 5 and 
10 s. The textured samples were sonicated in distilled water, ethanol, and acetone for 10 min each. 
The cerium coatings were then deposited on the samples by immersion in two different solutions, 
which are discussed below. 
Deposition in a Solution of Hexa-Hydrated Cerium Nitrate 
Inside a vessel, we mixed the same amount of two aqueous solutions of hexahydrated cerium 
nitrate (Ce (NO3)3-6H2O) (Sigma-Aldrich, St. Louis, MI, YSA) 0.05 M and hexaethyltetramine 
(C6H12N4) (Sigma-Aldrich, St. Louis, MI, YSA) 0.5 M. The mixture was heated at 70 °C and then the 
samples were immersed for 1 h [26]. After this first step, the samples were rinsed out with distilled 
water and dried with a jet of hot air. To ensure a total removal of solvent traces, the samples were 
again dried in an oven at 80 °C for 1 h. Subsequently, the samples were immersed for 2 h at room 
temperature in a solution of stearic acid/ethanol at 1% in weight (both chemicals were supplied by 
Sigma-Aldrich). The samples were rinsed out with ethanol and dried with a jet of hot air. Finally, the 
samples were dried in an oven at 60 °C for 2 h (see scheme of Figure 2). 
 
Figure 2. Scheme for the deposition of cerium-based coatings by immersion using cerium nitrate. 
Deposition in a Solution of Hepta-Hydrated Cerium Chloride 
Following the above procedure, the textured and cleaned samples were immersed into a vessel 
containing a mixture of 50 mL distilled water, 2 g heptahydrated cerium (III) chloride (CeCl3-7H2O), 
and 3 mL hydrogen peroxide (H2O2) (Sigma-Aldrich Química SL, Madrid, Spain) at 40 °C for 1 h [30]. 
After this time, the samples were introduced into a second vessel containing a 0.03 M solution of 
i re 1. ia ra f r t e electr e siti f ceri - ase c ati s l- a S sa les.
2.1.2. Deposition of Cerium-Based Coatings by Immersion
We used 12 samples of each substrate for deposition by immersion. Unlike the electrodeposition,
a previous sandblasting of the Al-Mg alloy samples was required. This way, a combination of manual
polishing (with #2500 sandpaper) and subsequent sandblasting was used for the samples. The polished
samples were sandblasted with a pressure range of 0.2, 0.4, and 0.6 MPa for 10 and 15 s for the
Al-Mg alloys. For the AS samples, we used a pressure range of 0.2, 0.3, 0.4, and 0.5 MPa for 5 and
10 s. The textured samples were sonicated in distilled water, ethanol, and acetone for 10 min each.
The cerium coatings were then deposited on the samples by immersion in two different solutions,
which are discussed below.
Deposition in a Solution of Hexa-Hydrated Cerium Nitrate
Inside a vessel, we mixed the same amount of two aqueous solutions of hexahydrated cerium
nitrate (Ce (NO3)3-6H2O) (Sigma-Aldrich, St. Louis, MI, YSA) 0.05 M and hexaethyltetramine (C6H12N4)
(Sigma-Aldrich, St. Louis, MI, YSA) 0.5 M. The mixture was heated at 70 ◦C and then the samples
were immersed for 1 h [26]. After this first step, the samples were rinsed out with distilled water and
dried with a jet of hot air. To ensure a total removal of solvent traces, the samples were again dried in
an oven at 80 ◦C for 1 h. Subsequently, the samples were immersed for 2 h at room temperature in
a solution of stearic acid/ethanol at 1% in weight (both chemicals were supplied by Sigma-Aldrich).
The samples were rinsed out with ethanol and dried with a jet of hot air. Finally, the samples were
dried in an oven at 60 ◦C for 2 h (see scheme of Figure 2).
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Deposition in a Solution of Hepta-Hydrated Cerium Chloride 
Following the above procedure, the textured and cleaned samples were immersed into a vessel 
containing a mixture of 50 mL distilled water, 2 g heptahydrated cerium (III) chloride (CeCl3-7H2O), 
and 3 mL hydrogen peroxide (H2O2) (Sigma-Aldrich Química SL, Madrid, Spain) at 40 °C for 1 h [30]. 
After this time, the samples were introduced into a second vessel containing a 0.03 M solution of 
i re 2. c f r t siti f c ri - s c ti s i ersi si g ceriu nitrate.
Deposition in a Solution of Hepta-Hydrated Cerium Chloride
Following the above procedure, the textured and cleaned samples were immersed into a vessel
containing a mixture of 50 mL distilled water, 2 g heptahydrated cerium (III) chloride (CeCl3-7H2O),
and 3 mL hydrogen peroxide (H2O2) (Sigma-Aldrich Química SL, Madrid, Spain) at 40 ◦C for 1 h [30].
After this time, the samples were introduced into a second vessel containing a 0.03 M solution of stearic
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acid in ethanol for 10 min at room temperature (see scheme of Figure 3). Finally, the samples were
removed from the solution, cleaned, and dried following the same strategy as in the previous case
without the intermediate drying stage.
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2.2. Wettability Analysis
The wettability of the surfaces was analyzed by means of the tilting plate and bouncing drop
methods. The first of these provides the advancing contact angle (ACA), receding contact angle (RCA),
and sliding angle (SA) of water drops. These parameters may reveal the water shear adhesion of the
surface. The bouncing drop method provides the number of bounces given by a water drop on a
water-repellent surface, which is connected to its water tensile adhesion.
Tilting plate experiments were carried out with a tilting apparatus, the details of which having
been given elsewhere [29]. For each experiment, a 50 µL drop of Milli-Q water was deposited on
the sample. The sample was fixed to a platform which was initially in a horizontal position and
then was inclined at 5◦/s. During the inclination process, several side-view images of the drop were
captured with a camera attached to the platform. At increasing tilting angles, the drop was deformed
(loss of axisymmetric shape) and the downhill contact angle increased while the uphill contact angle
decreased. At a certain tilt angle, the drop initiated a global motion, which means that the entire
contact line was displaced on the surface. This critical tilt angle is known as the sliding angle (SA).
For superhydrophobic surfaces, this angle may be referred to as the roll-off angle and it is not greater
than 10◦. Before and after the incipient sliding of the inclined drop, ACA and RCA are determined
at both sides of the drop profile by simple goniometry. The reported ACA, RCA, and SA values of
each sample correspond to the values averaged over at least three runs (three different drops placed at
different positions on the sample).
The bouncing drop experiments were only conducted for superhydrophobic surfaces.
These experiments are useful to distinguish the degree of superhydrophobicity of low-adhesion
surfaces. These experiments consist of counting the number of bounces given by a drop that is
released from a certain height from the surface and impacts over it. After the impact, if the surface
is water-repellent, the drop bounces. The lower the tensile adhesion of the surface the lower
damping induced by the surface during the impact, and, therefore, the higher number of bounces.
A microliter-syringe (needle of 0.25 ± 0.05 mm diameter) was filled with Milli-Q water and fixed
vertically on the surface. The distance between the tip of the needle and the surface was fixed to
24.00 ± 0.05 m . The syringe plunger was moved gently by means of a micrometer screw to avoid
vibrations. When the drop reaches a certain limit volume, it falls down by gravity. Typically, the limit
volume was 4.2 µL. The drop impacts on the surface and it bounces. We counted the number of
bounces until the drop rested on the surface. The entire sequence was recorded with a Phantom Miro
4 high speed monochromatic camera (Iberoptics S.L.U, Madrid, Spain). This test was repeated at least
three times for each substrate. We report here the average number of bounces.
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2.3. Roughness and Surface Morphology Analysis
To measure the surface roughness, we used a contact profilometer Mitutoyo SJ-201 (Grupo Unceta,
Guipúzcoa, Spain) over a scanning length of 2.5 mm. We have reported the average roughness values
(Ra). The SEM images and EDX analysis were conducted with a JEOL JSM 7800F Prime high-resolution
scanning electron microscope (JEOL USA, Inc., Peabody, MA, USA). To explore the surface features
at the micro scale and nano scale, we set the scanning areas as (100 × 100) µm2 and (1 × 1) µm2 with
different magnifications.
3. Results and Discussion
3.1. Cathodic-Electrodeposited Coatings
Figure 4 shows the SA results in terms of the electric voltage applied for the AS and Al-Mg alloy
samples at different deposition times. We observed that the most efficient treatment (minimum SA
value ~5◦) for the Al-Mg alloy corresponded to a deposition time of 30 min and a voltage of 40 V.
For the AS sample, we observed the highest efficiency (SA < 5◦) for 10 min of deposition time at 30 V
(see a typical pearl-shaped drop deposited on this sample in Figure 4b).
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In Table 2, we show the wettability and roughness results of the treated samples and the control
(untreated) samples. Irrelevant results of the rest of the sandblasted AS samples are not reported here.
Table 2. Advancing contact angle (ACA), receding contact angle (RCA), SA, roughness (Ra), and number
of bounces for the most representative samples after electrodeposition.
Substrate Micro-Texturing Time (min)/Voltage (V) Ra (µm) ACA/RCA/SA (◦) Bounces
AS - - 0.41 ± 0.03 122/91/29 -
AS Sandpaper andblasting at 0.3 MPa/10 s 10/30 4.57 ± 0.41 155.5/142.3/3.6 9
Al-Mg - - 0.23 ± 0.03 119/87/34 -
Al-Mg Sandpaper 30/40 2.41 ± 0.32 157.5/131.8/6.2 6
In Figure 4, except for the Al-Mg substrate (30 min), we found very similar trends of SA in terms of
applied voltage. The minimum SA value was found when we applied a voltage of 30 V. A similar trend
has been reported earlier for copper surfaces. In that case, a minimum SA value was identified between
15 and 20 V [28]. However, we found differences in SA as a function of deposition time. For the Al-Mg
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substrates, we observed that longer depositions decreased the SA values. Instead, shorter depositions
on the AS substrates led to lower SA values.
The lowest values of the sliding angle for the aluminized steel samples were reached for those
samples whose Ra ranged between 4.5 to 5.5 µm, while the lowest values of the sliding angle for
the Al-Mg samples were reached for those samples whose Ra values ranged between 2.5 and 3 µm
(see supplementary data). The roughness and wettability results for the most representative samples
shown in Table 2 point out that the treated samples may be considered as water-repellent within the
Cassie-Baxter regime. This is validated by the fact that both ACA and RCA increased with roughness.
In Figure 5, we show several SEM images of a selection of the samples compiled in Table 2.
It may be observed that both surfaces are rough at the micro and nano scales. Since the Al-Mg alloy
surfaces were polished but not sandblasted, their roughness at the micro scale can be seen to be lower
than for the AS samples. This can be confirmed by comparing the roughness results displayed in
Table 2. Figure 5b,d shows that the electrodeposition method creates a cauliflower-like structure due
to the growth of cerium particles [28,29]. We found that the size of the nano-asperities formed on
the AS samples were smaller than for the Al-Mg samples due to the greater number of preferential
sites. In summary, the SEM images confirm the hierarchical structure of the treated samples which is
responsible in part for their water-repellency properties.
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Finally, in Figure 6 we show the EDX spectra obtained before and after the electrodeposition. In the
electrodeposited samples (Figure 6c,d), the carbon signal is dominated by the presence of myristic
acid on the uppermost coating (see Figure 1). In both cases, the presence of Ce with 18.1% and 20.1%,
respectively, and oxygen with 11.3% and 13.1% are also relevant, which indicates a proper degree of
coverage of cerium after the electrodeposition method.
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From Figure 7, one may conclude that regardless of the salt used, the longer blasting times,
the higher the water repellency. However, we did not find a good agreement in the sandblasting
pressures. In the case of cerium nitrate salt, although the pressure does not seem to play a crucial
role, the optimal water repellency was reached when the pressure was between 0.3 and 0.4 MPa.
However, for the cerium chloride salt, we found that the higher the pressure, the lower the sliding angle.
The morphology of the same samples compiled in Table 3 was analyzed by SEM and their results
are shown in Figure 8. Again, these surfaces show a hierarchical texture as they are all rough at the
micro scale (Figure 8, left) and nano scale (Figure 8, right). In this case, the nano-structure of the
samples are clusters of particles with different degrees of adsorption and polydispersity. The size
of these nano-asperities is substantially smaller than that observed for the electrodeposited samples
(Figure 5, right). This might explain the better water-repellency results. In addition, the distribution
of nano-asperities is less homogeneous for the sample shown in Figure 8b, which explains its worse
wetting performance compared to the rest of the samples prepared by immersion. Figure 8e–h shows
typical accumulations and cluster dispositions similar to superhydrophobic textures of some cases
studied with Mg alloys [31] and aluminium alloys of the 7000 series [32].
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0.4 MPa for 10 s (f) after immersion in cerium nitrate and stearic acid, and (g) Al-Mg sandblasted at
0.5 MPa for 15 s and (h) after immersion in cerium chloride and stearic acid.
We also studied the elemental chemical composition by EDX for the same substrates analyzed in
Figure 9, and the obtained spectra are shown in Figure 8. Unlike for the electrodeposited samples,
the EDX spectra for all the immersed samples reveal a high signal for aluminium. This points to a
thin or heterogenous coating. This issue is more noticeable for the AS samples (Figure 9a,b) because
the presence of Al exc eds 40%. This might explain the worse results obta ned for this substrate in
comparison with the Al-Mg alloy. In the case of the Al-Mg alloy samples (se Figure 9c,d), th cerium
signal is dominant, and this points to a more homogeneous coati g. For the rest of the elements
detected, their concentrations are compatible with the reagents used in the protocol.




Figure 8. SEM images of the surface textures obtained usi g the immersion method: (a) AS 
sandblasted at 0.5 Pa for 10 s, (b) AS after i mersion in cerium nitrate and stearic acid, (c) AS 
sandblasted at 0.5 MPa for 10 s, (d) AS after immersion in cerium chloride and stearic acid, (e) Al-Mg 
sandblasted at 0.4 MPa for 10 s (f) after immersion in cerium nitrate and stearic acid, and (g) Al-Mg 
sandblasted at 0.5 MPa for 15 s and (h) after immersion in cerium chloride and stearic acid. 
We also studied the elemental chemical composition by EDX for the same substrates analyzed 
in Figure 9, and the obtained spectra are shown in Figure 8. Unlike for the electrodeposited samples, 
the EDX spectra for all the immersed samples reveal a high signal for aluminium. This points to a 
thin or heterogenous coating. This issue is more noticeable for the AS samples (Figure 9a,b) because 
the presence of Al exceeds 40%. This might explain the worse results obtained for this substrate in 
comparison with the Al-Mg alloy. In the case of the Al-Mg alloy samples (see Figure 9c,d), the cerium 
signal is dominant, and this points to a more homogeneous coating. For the rest of the elements 





Figure 9. EDX spectra of (a) AS after immersion in cerium nitrate and stearic acid, (b) AS after
immersion in cerium chloride and stearic acid, (c) Al-Mg after immersion in cerium nitrate and stearic
acid, and (d) Al-Mg after immersion in cerium chloride and stearic acid.
Coatings 2019, 9, 774 11 of 13
The samples and surface treatments indicated in Table 3 were used to perform the bouncing
drop experiments and the results are also included in the last column of this table. In this case,
we found a very good degree of superhydrophobicity for the Al-Mg samples, regardless of the salt used.
However, for the AS samples we found that immersion in cerium chloride seemed to be more efficient
than with cerium nitrate. These results agree reasonably well with the ones reported in Figure 7.
Table 3. Parameters for the most efficient samples used in this study: sandblasting settings, salt used in
the immersion, ACA, RCA, SA, average Ra, and number of bounces.
Substrate Blasting (MPa)/Time (s) Salt Ra (µm) ACA/RCA/SA (◦) Bounces
AS 0.5/10 Cerium nitrate 3.37 ± 0.33 142.7/129.3/6.5 8
AS 0.5/10 Cerium chloride 4.03 ± 0.74 150.9/137.3/2.7 14
Al-Mg 0.4/10 Cerium nitrate 4.45 ± 0.27 155.5/138.3/1.5 16
Al-Mg 0.5/15 Cerium chloride 3.69 ± 0.61 155.1/136.3/2.3 15
About the relationship between roughness and wetting properties for the aluminized steel
samples, we found the minimum sliding angle values for those samples with Ra values ranged between
3.0–3.5 µm when using nitrate chloride salt within the protocol. When cerium chloride was used, the Ra
values leading to the lowest sliding angles ranged between 4.0 µm and 4.5 µm. In the Al-Mg alloy
samples, the optimization was reached for Ra values ranging 3.5–4.5 µm regardless of the salt used.
4. Conclusions
Several routes for producing superhydrophobic AS and Al-Mg surfaces have been proposed
in this paper. The reduction of adhesion properties (low wetting properties) has been addressed
through the incorporation of hierarchical structures by a two-step process based on sandblasting and
subsequent cerium deposition using two types of cerium salts (cerium chloride and cerium nitrate)
and two different strategies: (i) cathodic electrodeposition and (ii) adsorption by aqueous immersion.
For the Al-Mg substrates, our results show that the most efficient protocol is based on immersion in
cerium nitrate solution with previous sandblasting (0.4 MPa for 10s). The electrodeposition method
was less efficient athough it was also less invasive. For the AS substrates, we found that both the
electrodeposition and immersion methods revealed a similar performance. With electrodeposition,
an optimal scenario was obtained with the use of cerium chloride, an applied voltage of 30 V, and a
deposition time of 10 min. With immersion, the best performance was observed with cerium chloride
and previous sandblasting (0.5 MPa for 10 s). The strategies developed using these multi-stage
procedures allow for the obtaining of more functional and durable coatings. In this particular case,
the incorporation of cerium produces a superhydrophobic product which is resistant to corrosion
coating. Although some durability tests of the created samples were conducted, we found that the
strategies used here did not result in durable coatings. Further work should be done to substantially
improve the coating–substrate join and to quantify the mechanical durability.
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